With the present rates of iron ore consumption, currently unusable, high-phosphorus iron ore deposits are likely to be the iron ores of the future as higher-grade iron ore reserves are depleted. Consequently, the design and timely development of environmentally-benign processes for the simultaneous beneficiation of high-phosphorus iron ores and phosphorus recovery, currently a technological challenge, might soon become a sustainability challenge. To stimulate interest in this area, phosphorus adsorption and association in iron oxides/hydroxyoxides, and current efforts at its removal, have been reviewed. The important properties of the most relevant crystalline phosphate phases in iron ores are highlighted, and insights provided on plausible routes for the development of sustainable phosphorus recovery solutions from high-phosphorus iron ores. Leveraging literature information from geochemical investigations into phosphorus distribution, speciation, and mobility in various natural systems, key knowledge gaps that are vital for the development of sustainable phosphorus removal/recovery strategies and important factors (white spaces) not yet adequately taken into consideration in current phosphorus removal/recovery solutions are highlighted, and the need for their integration in the development of future phosphorus removal/recovery solutions, as well as their plausible impacts on phosphorus removal/recovery, are put into perspective.
Introduction
Phosphorus is the 11th most abundant element on earth [1] . The adsorption of phosphates on mineral surfaces is of vital importance for a variety of reasons. For the soil scientist, agriculturist, and environmentalist, its absence or presence, transport, and interactions in soil and water sources are of great importance, as these contribute to determining the fertility of soil [2] [3] [4] [5] [6] , and the possibility of water pollution [7] [8] [9] [10] [11] [12] and consequent eutrophication [13] [14] [15] [16] [17] [18] [19] . However, for the extractive metallurgist focused on steel making, iron ores with phosphorus contents greater than 0.1 wt.% can be a problem. Besides the presence of significant quantities of phosphorus in minerals/ores, its presentation, distribution, and interaction with mineral surfaces are of vital importance, as these determine the ease or difficulty with which the ore can be beneficiated. From insights obtained from analyses of phosphorus content and distribution in high-phosphorus iron ores [20] , it is posited that phosphorus can be present in ores in four principal forms: as distinct crystalline phase(s) in the iron-rich phase, as distinct crystalline phase(s) in the associated gangue mineral, as amorphous phase(s) or adsorbed phase(s) in the iron-rich fraction of the ore, as an amorphous phase(s) or adsorbed 53 .4 ** 0.34 * 0.39 ** Apatite, wavellite, collophane [32] West Hubei Province, China 49.02 1.18 collophanite [33] Wushan, Chongqing China 1. 16 Apatite, fluorapatite [21] Wushan Mountain in China 45.11 0.72 fluorapatite [34] Wushan, Chongqing, China 49.5 0.609 apatite fluorapatite [35] Changde iron ore, China 47.79 1.12 Apatite (67.9% P in iron phase, and 9.8% P in silicate phase.) [36] Huimin iron ore (Yunnan Province), China [2.0 × 10 9 t] 43 .50 Goethite Hematite 0.85 amorphous grattarolaite (Fe 3 PO 7 ) [37] Aswan, Egypt 0.13-1.49 hydroxyapatite [38] Hesse, Germany Allanpringite [39] Chador-malu iron ore, Iran 57.20 0.748% Apatite [40] Lisakovsk, North Kazakhstan 48.76 0.6-0. 8 No distinct Phosphorus mineral yet identified [41, 42] Agbaja iron ore, Nigeria 54.17 2. 69 Traces of phosphates of iron and aluminum [43] Agbaja iron ore, Nigeria 53.1 1.395 No distinct Phosphorus mineral yet identified [20] Koton-karfe iron ore, Nigeria [ 
Phosphorus in Iron Ores and Theories on Its Existence in Iron Ores (Goethite).
Phosphorus is known to have more affinity for goethite than hematite, or to be more easily associated with goethite than hematite and other iron (oxy)/hydroxides [48] [49] [50] [51] [52] [53] . Goethite is the iron mineral which is most susceptible to the presence of phosphorus. Phosphorus associated with goethite ores is more likely to be present in the amorphous form, or containing significant proportions of non-crystalline phosphorus-bearing phases. Hence, it can be difficult to identify the exact phosphorus-bearing phase(s) and to dephosphorize such ores. Consequently, different theories have been advanced to account for the existence of phosphorus in goethite. The two prominent theories are the phosphorus solid-solution theory of Graham [24] and the replacement of a surface hydroxyl group by a phosphate ligand in the goethite structure theory of Morris [54] and Barbour [55] , which is supported by Dukino [56] . The phosphorus solid solution theory of Graham [24] postulates that the presence of phosphorus in goethite is due to the substitution of Fe atoms by P atoms to form a solid solution. On the basis of significant differences in both the size of the P cation and charge (P o with a charge of 0 and an atomic radius of 98 pm; P 3− with a charge of −3 and ionic radius of 212 pm; P 3+ with a charge of +3 and ionic radius of 44 pm; P 5+ with a charge of +5 and ionic radius of 17 pm, 29 pm, and 48 pm, depending on coordination numbers 4, 5, and 6 respectively [57] ) and the Fe cation (Fe 3+ with a charge of +3 and an ionic radius of 64.5 pm [57] ) in goethite, which does not quite satisfy the criteria [58] [59] [60] for the formation of solid solutions by atom/cation substitution, Dukino [56] argued against the plausibility of this theory. However, in a recent work, Levard et al. [61] investigated the atomic scale incorporation of Scandium (Sc) into the structure of goethite, demonstrating the formation of a solid αFeOOH-αScOOH solution. This was consistent with an ideal solution, in spite of significant differences in the atomic radii between Sc 3+ (Sc 3+ ionic radius = 74.5 pm [57] ) and Fe 3+ (Fe 3+ ionic radius = 64.5 pm [57] )) cations, which, at 13.4 % difference, are quite close to the defined threshold values [62, 63] for continuous solid solutions. Levard et al. argued with some merit that, in such systems, the focus should be on the similarities in the relevant cation-oxygen bond lengths, instead of the cation sizes as percentage differences in Fe-O (203 pm) and Sc-O distance (212 pm) , which is 4% closely matched observed changes in cell parameters of 3.9%, 3.6%, and 6.1% for a, b, and c respectively. Applying the same argument to Graham's theory [24] of Fe substitution by P in goethite structure, the expected difference in the Fe-O (2.03 Å [61, 64, 65] ) and P-O distance differences (≈153-154.8 pm [64, [66] [67] [68] [69] [70] in the cation-oxygen bond lengths will be in the range of 23.6-24.6%, which are above the threshold value for the formation of a substitutional solid solution while maintaining the goethite structure; such an observation reinforces Dukino's reservations [56] about the feasibility of Graham's theory [24] . The replacement of a surface hydroxyl group by a phosphate ligand in the goethite structure theory of Morris [54] postulates that phosphorus occurs in goethite due to the replacement of surface hydroxyl groups in the goethite structure with phosphate (anion) ligand prior to the dehydration of ferrihydrite to goethite. Recently, MacRae et al. [71] proposed that for ochreous goethite, phosphorus may be incorporated into the goethite structure by a coupled substitution mechanism in which phosphorus and aluminum atoms occupy some of the sites in the ochreous goethite structure which are typically occupied by two silicon atoms.
However, looking at the upper limits of phosphorus contents reported for high-phosphorus iron ores in which distinct phosphorus minerals are yet to be identified (0.8% [41, 42] to −1.395% [20] ), with the maximum plausible substitution of Fe cations with P cations calculated assuming the non-plausible equality of charge, and the maximum hydroxyl ion substitution with phosphate ligand that permits the maintenance of the stability of the respective structures (in P solid solution with goethite and phosphate ligand substitution of hydroxyl groups in goethite), it might be argued that both theories may not fully account for the full range of phosphorus content in iron ores. In light of the known affinity of iron oxide/hydroxide surfaces for phosphorus/phosphate anions which permits their use as adsorbents for phosphorus removal [49, [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] , it stands to reason that a significant proportion of phosphorus in high-phosphorus iron ores, especially in goethite ores, might be present as adsorbed species on the mineral surface. This would most probably account for the typically low fraction of phosphorus leached out in raw or low temperature thermal-treated, high-phosphorous ores predominantly containing crystalline phases with very low solubilities in the leachant, as can be seen in some reports [36, 90, 91] . Such adsorbed phosphorus species are likely to be less difficult to remove compared to "micropore bound and mesopore bound" phosphorus [78, 92] . In soil science and geochemistry, differences in the ease of phosphorus removal (due to its different binding phases and the resultant solubility properties) have been proposed as sequential extraction schemes [93], and have been widely employed [93-101] to classify or make speciation of the phosphorus contents of soils and target materials as total phosphorus (TP), loosely adsorbed or exchangeable phosphorus (LSP), iron-bound phosphorus (Fe-P), authigenic carbonate fluorapatite + biogenic apatite + CaCO 3 -associated P (Ca-P), detrital apatite phosphorus + other inorganic phosphorus, and organic phosphorus, [93, 99, 101, 102] . The application of such sequential extraction schemes, which hinges on the distinct reactivity of each targeted phase to a particular extractant solution [103] or a similar scheme to phosphorus in high-phosphorus iron ores, can be of some benefit. For a better appreciation of the evolution and variety of extraction schemes for determining the fractional composition of phosphorus proposed by several authors over the years, the work of Wang et al. [98] , and the references therein, are recommended.
Phosphate interactions with iron oxides can lead to its incorporation into/onto these iron (oxy)hydroxides by absorption, adsorption, association, or chemisorption, or by the precipitation of phosphate as bulk compounds, though the actual mechanisms of phosphate reactions with iron oxides and oxyhydroxides are not fully understood, nor do we have a comprehensive grasp of the conditions that favor one mode of interaction over another [104] . With respect to iron ore and its associated gangue minerals, besides being present as adsorbed phases on ore surfaces or as distinct crystalline phase(s), it has been proposed that phosphorus is capable of presenting as phosphatic groups [PO 4 ] 3− in the structures of ore minerals [105] , i.e., as a solid solution [106, 107] , by incorporation into the ore (goethite) structure by a coupled substitution mechanism between phosphorus and aluminum at the sites normally occupied by two silicon atoms [71] , and by ion exchange of phosphate and hydroxyl ions on hydrated iron and aluminum oxides [55] . The absence of free cations to support phosphorus precipitation as a phosphate is reported to promote its presence as an adsorbed anionic phase in the micropores of iron oxides/oxyhydroxides (goethite) [27, 31] . Phosphate adsorption onto the oxides and hydroxides of iron and aluminum has been widely seen to be mainly responsible for the inorganic fraction of phosphorus in soils [104, 108, 109] , which is a testament to the ability of phosphorus to interact with both iron ore and gangue minerals. Phosphorus as phosphate anions is able to form crystalline phases with cations of Al, Ca, and Fe, which are often present in ores. As an iron phosphate, phosphorus might be present in as-is, high-phosphorus iron ore, or thermally-treated ore as one of the numerous reported iron phosphate crystalline phases, e.g., FePO . As aluminum phosphate, phosphorus might be present in as-is, high-phosphorus iron ore as AlPO 4 (berlinite) [44] , Gorceixite (BaAl 3 (PO 4 ) 2 (OH) 5 3 .5(H 2 O)) (see Table 1 ). As a calcium phosphate, phosphorus might be present in high-phosphorus iron ore as apatite (Ca 5 (PO 4 )(F, Cl, OH)) [23, 24] or Crandallite (CaAl 3 (PO 4 ) 2 (OH) 5 .(H 2 O)) [27] [28] [29] . Table 1 presents most of the reported crystalline presentations of phosphorus in high-phosphorus iron ores. Though the challenges (i.e., the validity of a measured mass solubility and assumed solution speciation) and consequent accuracy issues in the determination of solubility products (Ksp) of some phosphate systems have been highlighted by Pan and Darvell [131] , the respective solubility data (solubility products) for a variety of phosphorus-containing minerals (crystalline phases) that can be associated with high phosphorus, and thus might be useful in designing hydrometallurgical phosphorus removal/recovery strategies, are presented in Table 2 . 
Reactivity of Phosphorus towards Some Mineral Surfaces and Factors Exerting Influence(s) on Phosphorus Reactivity
Phosphorus as organic esters of phosphoric acids or as inorganic phosphates exhibits a high reactivity to environmental particles [171] , including mineral surfaces. This phenomenon is attributed to the high stability of phosphate surface complexes and the tendency to form insoluble compounds with ubiquitous metal ions [172] . Consequently, any factors affecting phosphate formation and the stability of its surface complexes with mineral surfaces and formation/precipitation of insoluble compounds onto mineral surfaces, will be critical to phosphorus association with minerals, and to the development of strategies for phosphorus removal/recovery. A principal route of phosphorus interaction with minerals is by adsorption to mineral surfaces.
Phosphorus adsorption on mineral (iron oxide) surfaces can be affected by a variety of factors and to varying degrees. The ionic strength of the media is reported to exert a quite minor effect on phosphorus adsorption onto the surface of goethite [173] , which had been interpreted as being indicative of limited competition between phosphorus and the electrolyte ions for adsorption sites on the surface of goethite [174] . Besides ionic strength, other factors capable of influencing phosphorus adsorption on iron oxide surface include pH [79, 173, [175] [176] [177] [178] , the crystallinity and morphology of the mineral [179] [180] [181] [182] , competition between the phosphate anion and other anions for adsorption sites on mineral surface [176, [183] [184] [185] [186] [187] [188] [189] [190] , time [83], charge on minerals [191] , the presence of ligands [191] , temperature [192] , exposed crystal habit (face) [193] , and the porosity of the oxide [194] .
Ahmed et al. [178] studied the competitive chemical adsorption of phosphate, water, and OH − onto the surface of goethite via covalent bonds, and ranked their respective propensities to adsorb to the surface of goethite as follows: H 2 O > phosphate > OH − . This ranking indicates that OH − ions are able to displace phosphate anions from the surface of goethites, which is in agreement with earlier reports of phosphorus desorption from the surface of goethite and/or reduced adsorption at high pH (abundance of OH − ) [173, 175] , suggesting that the phosphorus fraction in high-phosphorus iron ores due to phosphate adsorption to mineral surface might be amenable to removal by alkaline leaching.
Theories on Phosphate Adsorption to Mineral (Iron Oxide) Surfaces
Phosphates can be attached to mineral (goethite) surfaces by adsorption [50, 187] or by surface precipitation [195] [196] [197] [198] [199] .
There is consensus among researchers that phosphate adsorption onto iron (hydr)oxide surfaces occurs via the formation of inner-sphere surface complexes, with the adsorbing species forming Fe-O-P bonds with Fe cations (Figure 1 ) [184, [200] [201] [202] [203] ; however, there are diverse opinions on the predominating P-laden surface complexes/species (Table 3 ). Since in aqueous media, the surfaces of iron (hydr)oxides can contain other adsorbed species or ligands such as water molecules or hydroxyl ions, arsenate, glyphosate, etc., phosphate adsorption is perceived to occur by ligand-exchange or ligand-substitution reaction, in which the incoming ligand, phosphate, displaces the already-adsorbed ligand, promoting an undesired desorption [186, [203] [204] [205] .
Sustainability 2019, 11, x FOR PEER REVIEW 8 of 38 Figure 1 . Illustration of plausible phosphate surface complexes at the interface with iron (oxy)hydroxides; (a) mono-dentate unprotonated, (b) mono-dentate mono-protonated, (c) monodentate bi-protonated, (d) bi-dentate unprotonated, (e) bi-dentate mono-protonated, and (f) bidentate bi-protonated (encircled in gray boxes are the predominant species reported in published literature ( Table 3 ).
Different theories have been advanced to explain phosphate adsorption to oxide/oxyhydroxide mineral surfaces and the observed biphasic phosphate adsorption/desorption kinetics. Knowledge on the precise phosphate species adsorbed onto Fe oxide surfaces, the binding ligand type(s) (monodentate, bidentate) and their respective predominances, with respect to different relevant variables such as pH, phosphate binding sites on mineral surfaces, effect of crystal faces, and phosphate binding mechanism(s) to the mineral surfaces, is evolving with an apparent lack of consensus regarding the interpretation of some observations, principally the dominant surface complex(es)/species at different pH and phosphate loadings [84, 172, 174, [200] [201] [202] [203] 206, 207] . Whereas the earlier work of Tejedor-Tejedor and Anderson [200] proposed that both monodentate and bidentate complexes are formed on the surface of goethite at different pHs, subsequent works by Persson et al. [201] and Arai and Sparks [207] have proposed protonated monodentate complexation of phosphates with goethite at pH 7.9, and deprotonated bidentate complexation with ferrihydrite at pH 7.5.
In an attempt to resolve the controversy about phosphate surface complexes on iron hydroxide surfaces, Kwon and Kubicki [84] employed quantum mechanical calculations of the adsorption energies and infrared (IR) spectra of six possible surface complexes (deprotonated, monoprotonated, and diprotonated versions of bridging bidentate and monodentate complexes), and reported four possible surface complexes (species) that change depending on pH, i.e., a diprotonated bidentate complex at pH 4-6, a deprotonated bidentate, or a monoprotonated monodentate complex at pH 7.5- Figure 1 . Illustration of plausible phosphate surface complexes at the interface with iron (oxy)hydroxides; (a) mono-dentate unprotonated, (b) mono-dentate mono-protonated, (c) mono-dentate bi-protonated, (d) bi-dentate unprotonated, (e) bi-dentate mono-protonated, and (f) bi-dentate bi-protonated (encircled in gray boxes are the predominant species reported in published literature ( Table 3 ).
In an attempt to resolve the controversy about phosphate surface complexes on iron hydroxide surfaces, Kwon and Kubicki [84] employed quantum mechanical calculations of the adsorption energies and infrared (IR) spectra of six possible surface complexes (deprotonated, monoprotonated, and diprotonated versions of bridging bidentate and monodentate complexes), and reported four possible surface complexes (species) that change depending on pH, i.e., a diprotonated bidentate complex at pH 4-6, a deprotonated bidentate, or a monoprotonated monodentate complex at pH 7.5-7.9, and a deprotonated monodentate complex at pH 12.8. They also reported [84] that the stability of the monoprotonated monodentate complex is favored, based on reaction energy calculations for adsorption from aqueous solution. In a recent work, Arroyave et al. [203] employed a new spectroscopic technique, Infrared Surface Titrations (IRST), to study the surface speciation of phosphate on goethite in a pH range of 4.5-9.5 at different surface coverages. They reported that this technique is able to detect adsorbed phosphate species, and that two monodentate phosphate complexes (mononuclear monoprotonated and mononuclear diprotonated species) are present on the surface of goethite. They also reported that the ratios of these two species varies with changes in pH and surface coverage. Their results [203] indicated that at low surface coverage (0.7 µmol·m −2 ), the mononuclear monoprotonated species prevail through all of the pH range studied, while at high surface coverage (2.0 µmol·m −2 ), mononuclear diprotonated species predominate at pH < 5.5, and mononuclear monoprotonated species predominate at pH > 5.5. 
Factors Influencing Phosphate Adsorption to Mineral (Iron Oxide) Surfaces
Factors which are capable of influencing phosphorus adsorption on iron oxide (goethite) surface include pH [173, [175] [176] [177] , ionic strength [173] , the crystallinity and morphology of goethite [79, [179] [180] [181] [182] , competition between phosphate anion and other anions for adsorption sites on the surface of goethite [176, [183] [184] [185] [186] [187] [188] [189] [190] , time [83], crystal faces present on mineral surfaces [193, 211] , and the point of zero charge (PZC), which is reported to be in the range of 7.4-9.6 for goethite (a-FeOOH) [ [213, 224, 225] , between 5.3 and 7.5 for natural ferrihydrites [222, 226] , 2.8-5 for kaolinite [214, 227, 228] , 5-9.6 for alumina [223, 229, 230] , 9.5-10.6 for akaganeite [230, 231] , and 2-4 for quartz [223, 229, [231] [232] [233] .
Besides its ability to bind to iron mineral surfaces, phosphate is able to bind to other mineral surfaces such as kaolinite [234] , silicates [235] [236] [237] [238] [239] , and clay minerals [240] [241] [242] [243] [244] , which are often present in iron ores as associated gangue minerals.
Plausible Reasons for Differences in the Ease of Phosphorus Removal from Different Iron Ores
Differences exist in the ease of phosphorus removal from different iron ores using the same procedures. Jin et al. [36] employed alkali-leaching (using sodium hydroxide) and acid-leaching (using sulfuric, hydrochloric, and nitric acids) to dephosphorize Changde iron ore (China) containing about 1.12% P. Using this method, they reported success in the removal of the phosphorus fraction, presenting as apatite with alkaline leaching, but failure in the removal of the phosphorus fraction that was not apatite. From this report, a question arises: What are the reasons for the ease of P removal with alkaline leaching when phosphorus presents as apatite? From the literature, phosphorus presentation has been shown to influence the degree of success of P removal [42] ; clarification of the reason(s) for such a phenomenon is therefore needed. The answers to this question are most probably linked to differences in the solubility of the different phosphate containing phases in the different leaching solutions and the effects of prior thermal treatments on the solubility of the succeeding or resultant phosphate-laden phase(s). This explanation finds support in a much earlier report by Hertzog [245] that stated that while calcium, manganese, and ferrous phosphates were soluble in inorganic acids (such as hydrochloric, sulfuric, and nitric acids) and organic acids (such as oxalic, citric, tartaric, and acetic acids), aluminum and ferric phosphates were not. However, aluminum and ferrous phosphates had high solubilities in alkaline media (e.g., sodium hydroxide and potassium hydroxide). Furthermore, he reported [245] that upon heating the minerals to 650 • C for 15 minutes, some changes in solubility occurred, i.e., the heated "ferrous and manganese phosphates" ceased to be soluble in nitric acid, while the solubility of calcium phosphate in the minerals acids was unaffected. Hertzog attributed the marked change in the solubility of the ferrous phosphate to its conversion to the less soluble ferric phosphate [42] . Table 2 presents the solubility data for a wide range of phosphate-rich phases associated with iron ores. From Table 2 , it is evident that there is a dearth of solubility data for relevant complex (multi-cation) phosphorus-containing minerals like barrandite, crandallite, frondelite, gorceixite, giniite, lazulite, monazite, rockbridgeite, senegalite, turquoise, wardite, and wavellite, which are often associated with high-P iron ores. An analysis of the solubility information of 646 minerals [246] in water and concentrated mineral acids (HCl, HNO 3 , H 2 SO 4 , and HF) indicates that iron oxide minerals (hematite and goethite) and many relevant phosphorus-containing minerals (collophane, variscite, vivianite, fluorapatite, strengite, and wavellite) are soluble in HCl but not in other test media (water, concentrated HNO 3 , and H 2 SO 4 ). This trend has implications on the choice of acid, the magnitude of iron loss, and the phosphorus removal efficiency in the acid leaching of high-P iron ores. The leaching of high-P iron ores containing phosphorus-laden minerals with low solubilities in the leach solution without prior treatment to transform these minerals into more soluble phases is likely to yield limited success. Hence appreciation of the solubility properties of the phosphorus-containing minerals in each high-P iron ore is crucial to the development of phosphorus removal/recovery solutions suitable to particular high-P iron ores. From these, it obvious that adequate knowledge of the presentations of phosphorus in particular high-phosphorus iron ore(s), and the physicochemical properties of the present phase(s), is vital to the development of effective phosphorus removal schemes.
Besides iron content, phosphorus content, and the presentation of iron in the ores, other important factors that might account for this are the composition of the gangue associated with the respective ores, their distribution, and their respective abilities to adsorb phosphorus compared to the iron-containing phase of the ores. It is well known that marked differences exist in the ability of different iron oxides and oxyhydoxides to adsorb phosphate, and in the kinetics of the adsorption processes [50, 79, 83, 85, [247] [248] [249] [250] [251] [252] , which has been linked to differences in their respective surface properties and mineralogy [253] . The most reported order is goethite > hematite > ferrihydrite [79, 254, 255] , while phosphate desorption kinetics (in percentage of prior adsorbed phosphate desorbed) are ranked as follows: hematite (12.5%) > goethite (10%) > ferrihydrite (8.5%) [79]. Ruan and Gilkes [256] studied the phosphate sorption and desorption kinetics by synthetic aluminous goethite and their dehydroxylated products after thermal transformation. They reported that most of the adsorbed phosphate was present at the crystal surfaces, and that phosphate sorption increased with equilibrium solution concentration, increased aluminum substitution, and surface area, but decreased with increasing crystal size, and that the order of phosphate adsorption was as follows: partially-dehydroxylated goethite (≈220 • C) > hematite (≥260 • C) > goethite (<110 • C). They [256] attributed the observed trend to the emergence of a high-surface-area, microporous mixture comprised of goethite and hematite of small mean crystal size and with structural defects such as voids. This report suggests that the thermal treatment of iron ores can influence their interaction with phosphate. On the other hand, iron ores are known to be associated with various other phases like kaolinite, as in the Agbaja ore from Nigeria [20] , dolomite, clinochlore, and quartz, as in the ore from Hubei province (China) [257] , kaolinite, as in the ore from Pilbara area of Western Australia [258] , quartz and chamosite as in the ore from Aswan area of Egypt [38] , clay-like minerals such as carbonates, chlorite, other aluminosilicates, and quartz as in the ore from Lisakovsk, North Kazakhstan [41, 107] , and silica and alumina, as in the ore from Moncorvo in north-east Portugal [45, [259] [260] [261] . Wei et al. [234] studied the surface properties and phosphate adsorption of goethite, kaolinite, goethite-kaolinite association (GKA) and goethite-kaolinite mixture (GKM), and established their respective pHs at a point of zero charge (PZC) to be around 8.2, 4.1, 7.0, and 6.1 respectively, and their surface charges at pH 5 to be 0.561, −0.092, 0.097, and 0.041 mmol/g, respectively. They concluded that in comparison to the adsorption capacities of goethite and kaolinite, their combinations (goethite-kaolinite association (GKA) and goethite-kaolinite mixture (GKM)) were more effective phosphate adsorbents, with the phosphate adsorption capacity of GKA being markedly higher than that of GKM. Hence, when the associated gangue has similar phosphorus adsorption abilities to the iron-rich phase (as in the Agbaja iron ore [20] ), goethite; phosphorus removal can be quite challenging. In such scenarios, repartition of the associated phosphorus from the iron-rich phase to the gangue phase by chemical processing is quite difficult without a prior thermal treatment to manipulate the phases present in the ore. In such a case, the aim should be to achieve phase transformation of the iron-rich phase at the lowest energy cost and time duration into a phase that is much less accommodating of phosphorus and preferably magnetic. This can make magnetic separation feasible, whilst transforming the gangue to a more phosphorus accommodating and non-magnetic phase. These criteria, especially with respect to low thermal treatment times at lower energy inputs, are most likely to be satisfied by microwave thermal treatment of ores. This is currently a subject of much research interest [262] [263] [264] [265] [266] . Consequently, success in the efficient removal of phosphorus from high-phosphorus iron ores is most likely to be favored by the development of phosphorus removal strategies suited to particular high-phosphorus iron ores (or closely-related ores based on composition), instead of a global solution.
Recent Efforts at Phosphorus Removal from Different High-P Iron Ores
Thermal processing of high-phosphorus iron ores in phosphorus removal strategies prior to their use for steel making is an energy intensive step with huge economic and environmental implications. Hence, a sustainable solution for phosphorus recovery from high-phosphorus iron ores should aim to obviate this step, or, as much as possible, to reduce the required energy input. Since thermal treatment alone does not appear to be a viable phosphorus removal solution without a subsequent leaching step for most high-phosphorus iron ores, the desirable properties of an ideal, sustainable, and economic leachant for phosphorus removal and recovery from are highlighted. An ideal leachant must be cheap, abundant, readily available, easy to handle, and able to solubilize as much phosphorus as possible in solution whilst dissolving little iron. It must also be suitable for phosphorus removal either by precipitation, coagulation, or electrochemical techniques, with minimal material and/or energy input. Furthermore, it should be amenable to regeneration, so it can be used continuously.
With respect to cost and environmental concerns, the desirable conditions for phosphorus removal from high-phosphorus iron ores by hydrometallurgical processing include the use of a cheap, environmentally-benign leachant (preferably water), low leaching temperature and leaching time, high phosphorus removal rates with minimal iron loss, and the recyclability of leachant. Though not considered as economically viable or environmentally friendly as hydrometallurgical processes, the conditions desirable for the thermal processing of high-phosphorus iron ores for phosphorus removal without subsequent leaching are optimized thermal treatment procedures (temperature, time, and additives) that ensure the conversion of the phosphorus present to a phase that can be separated by some physical means or which is more amenable to leaching, when a subsequent process is desired. Against the background of such stringent requirements, recent literature reports on leaching shall be briefly reviewed and arbitrarily classified into three pH regimes: acidic (pH ≈ 0-4), neutral or near-neutral (pH ≈ ≥4-8), and alkaline (pH ≈ ≥8-14).
Jin et al. [36] employed both acid leaching and alkaline leaching (with 1M NaOH) on Changde iron ore, i.e., a hematite ore with a total P content of 1.12%, and with 22.3% of the P content occurring as apatite, 67.9% associated with the iron phase, and 9.8% in the silicate phase. They reported the removal of only 27.9% of the P content. On the basis of their results, they concluded that alkaline leaching is ineffective for phosphorus removal, and, attributing the fraction of phosphorus they removed to that in the apatite phase, posited that phosphorus occurring as apatite phase is amenable to removal by alkaline leaching, while that occurring in the iron phase is not [36] . This report highlights the importance of the presentation of phosphorus in the development of phosphorus removal strategies.
Fisher-White et al. [258] , working on Australian iron ores principally comprised of goethite, hematite, magnetite, and kaolinite, and with P contents in the range of 0.123 to 0.161% P, reported similar P removal rates, i.e., 27.1%, by the alkaline leaching (with 5M NaOH) of non-thermally treated ores. On low temperature thermal treatment (at 250 • C-300 • C) with the addition of NaOH and leaching with water, and even without the addition of NaOH during thermal treatment but leaching with NaOH post-thermal treatment, they reported [258] better removal rates, i.e., about 60% at thermal treatment times ≥ 0.5 h. They attributed the improvement after thermal treatment to the disruption and dehydration of the goethite structure and its conversion, through several intermediate phases, to hematite, which makes the associated phosphorus much more accessible to the leach solution, e.g., through the formation of protohematite, with higher porosity, and due to the structural disorder of the iron phase around 300 • C.
The addition of Na 2 CO 3 , CaCO 3 , CaO, and Ca(OH) 2 to iron ores prior to thermal treatment have been shown [267] [268] [269] [270] to be capable of suppressing the reduction of fluorapatite while promoting the reduction of iron oxides, and in some instances (e.g., at temperatures high enough for iron oxide reduction to iron), the growth of iron grains. This can enhance the feasibility of leaching pretreated ore with water (near-neutral pH leaching).
Yang et al. [37] studied roasting-induced phase changes and their influence on phosphorus removal by acid leaching of an iron ore with an average phosphorus content 0.85 wt.% (Huimin iron ore from Huimin County, Yunnan Province, China). They reported that while iron presented as hematite and goethite in the as-is ore with the non-detection of peaks for any phosphorus-containing minerals, upon roasting the iron ore at 300 • C for 1 h and below 500 • C, goethite peaks were not observed in the XRD diffractograms. This phenomenon that was assumed to indicate that goethite transformed to hematite via a dehydration reaction. Upon heating to 600 • C-700 • C, they reported [37] the emergence of peaks in XRD diffractogram for the phosphorus-containing mineral, grattarolaite (Fe 3 PO 7 ), and posited that phosphorus in the raw iron ore most likely exists in the amorphous form with goethite, but that its phase change to grattarolaite (Fe 3 PO 7 ) has little effect on the phosphorus removal rate from the ore, which was attributed to the low solubility of both the crystalline and the amorphous grattarolaite in the sulfuric acid used in their study. In contrast, upon heating the iron ore to temperatures > 800 • C (Figure 2 ), they [37] reported high phosphorus removal rates (≥80%). This was attributed to the reaction of grattarolaite (Fe 3 PO 7 ) with the alumina (Al 2 O 3 ) contained in the ore to form the more soluble aluminum phosphate (AlPO 4 ) at temperatures higher than 800 • C (Figure 3 ). This was evidenced by XRD diffractograms that showed the emergence of peaks for aluminum phosphate after roasting.
Rao et al. [271] employed additives (Na 2 SO 4 and Na 2 CO 3 ) in a direct reduction process to enhance thermal reduction of phosphorus-rich oolitic hematite ore prior to recovery of dephosphorized iron by magnetic separation. They reported that the phosphorus content of the metallic iron phase in the pellets decreased markedly, with the mean phosphorus mass content in metallic iron grains decreasing from 0.877% to 0.02% as the sodium sulfate additive content varied from 0% to 20%. Based on their analysis of the thermodynamics of the phase transformations of oolitic hematite ore during reduction, and the distribution of phosphorus in both metallic iron and the non-metallic phases, they [271] attributed phosphorus removal from the formed metallic iron, and its repartitioning to the gangue phase, to the presence of SiO 2 and Al 2 O 3 , which, with addition of sodium sulfate, provided the thermodynamic driving force for the reduction of fluorapatite, generating NaAlSiO 4 , CaAl 2 Si 2 O 8 , and CaNaPO 4 . This report demonstrated that the thermal treatment of the iron ore with phosphorus presenting as fluoroapatite prior to thermal treatment resulted in the phosphorus presenting as a new phase, rhenanite (CaNaPO 4 ), which appears to selectively reside outside the metallic iron. Rhenanite (CaNaPO 4 ) is reported to possess a high solubility [272] [273] [274] .
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Important Insights and Relevant Factors from Recent Literature Reports
By a survey of earlier and recent literature reports in a variety of areas, a range of salient and relevant factors which were hitherto unconsidered in the conceptualization and development of phosphorus removal strategies were identified.
Somasundaran et al. [278] conducted solubility, electrokinetic, spectroscopic, and flotation studies on apatite, calcite, monetite, magnesite, dolomite, gypsum, and anhydrite in aqueous systems, and observed complex mineral-solution interactions. From chemical equilibria and stability relations in heterogenous systems, and on the basis of bulk equilibrium in single, dual, and triple mineral systems in the presence and absence of carbon-dioxide, they were able to demonstrate the non-trivial role of atmospheric CO 2 on the dissolution of apatite and calcite (both of which are important in phosphorus removal and recovery). The authors thus convincingly explained the wide and conflicting variations in the reported solubility behavior of apatites [279, 280] and phosphates [142, 279, 280] on the basis of differences in the effective partial pressures of CO 2 under different experimental conditions. By the application of Beck's theory on solubility [281] , which postulates that the isoelectric point (IEP) of a solution in equilibrium with a solid phase will coincide with the pH of minimum solubility to their data, Somasundaran et al. [278] demonstrated that atmospheric carbon dioxide has an effect on the total solubility of apatite. In an earlier study [282] , they reported on the effects of dissolved mineral species on the dissolution and precipitation behavior of apatite and calcite, which is also relevant to the development of phosphorus removal strategies. From these reports, it can be inferred that solution pH, temperature, CO 2 partial pressures, and the dissolved mineral species present in leach solutions are among the principal factors to be considered in the development of environmentally-benign and economic phosphorus removal/recovery strategies.
The solubility of calcium phosphates had been reported [283] [284] [285] to increase in the presence of solution carbonate. The increase is attributed to the formation of solution complexes such as Ca 2 HPO 4 CO 3 and (Ca 2 PO 4 CO 3 ). Furthermore, a seven-fold increase was reported [286] in the solubility of hydroxyapatite in 1 mM KCl at pH 5 on equilibration with 3.5 vol.% CO 2 in air. In light of these multiple reports on the influence of CO 2 , there is a need to study the effect of its presence in the leaching of high-phosphorus iron ores. This can be achieved either by leaching in the presence and exclusion of CO 2 , leaching in carbonic acid, and/or leaching in a desired leachant but with the addition of varying amounts of carbonic acid.
An analysis of a recent report by Stockdale et al. [96] , in which an experimental simulation of atmospheric processes was employed to study the processes involved in atmospheric acid processing of phosphorus-bearing mineral dusts in order to determine the dissolution behavior of P compounds in dust and dust precursor soils, as well as their contributions in the supply of bioavailable phosphorus to the ocean, supports the plausibility of the aforementioned influence of CO 2 on phosphorus dissolution and removal from high-phosphorus iron ores. They reported that acid dissolution occurred rapidly (in seconds to minutes) in a process controlled by the amount of H + ions present, and that at H + < 10 −4 mol/g of dust, 1%-10% of the total P is dissolved, mainly due to dissolution of surface-bound forms ("desorption"). However, at higher H + concentrations (H + > 10 −4 mol/g of dust), the amount of P and Ca released were directly proportional to the amount of H + consumed until all inorganic P minerals were exhausted, with the final pH remaining acidic. More important to the development of P-removal/recovery strategies is their report [96] that dissolved phosphorus remained in solution due to slow precipitation kinetics, and that the dissolution of apatite-P, the major mineral phase in dust (constituting 79%-96%), occurred whether calcium carbonate (calcite) was present or not, but that P dissolution was greater in the absence of calcite, which is in agreement with earlier reports [278, 283, 284, 286] on the possible influence of CO 2 or carbonate on the dissolution behavior of phosphate minerals, and also reinforces the earlier call for study of the influence of the presence of CO 2 on the leaching efficiency of high-P iron ores.
Photoreduction of iron compounds is another plausible important factor not yet taken into consideration in literature reports on phosphorus removal from high-phosphorus iron ores. The photoreduction of iron compounds (oxides and hydroxides) [287] [288] [289] [290] [291] and the consequent possibilities for its exploitation in catalytic applications [292] [293] [294] [295] [296] [297] [298] [299] [300] [301] have been widely reported. Pehkonen et al. [287] studied the photoreduction of iron oxyhydroxides and natural iron-containing aerosol particles in the presence of important, atmospherically-relevant organic compounds (formaldehyde, formate, acetate, oxalate, and butyrate). They reported the photoproduction of H 2 O 2 , and that the important parameters in the photoreduction of iron compounds are pH, the wavelength of the irradiating light, the nature of the electron donor, and the characteristics of the iron phase. Very importantly, they reported that the kinetics of photoreduction manifest a maximum at a wavelength of 330 nm with a continuous decrease to 405 nm, which suggests that the photoreduction of iron compounds is most favored by exposure to radiation in the ultraviolet (UV-A: 315-400 nm) range. However, Rijkenberg et al. [289] , in their study on the effect of UV irradiation on the photoreduction of iron in the Southern Ocean, concluded that the UV part of the solar spectrum plays a major role in the photoreduction of iron, and that UVB (UV-B: 280-315 nm) produced most of the Fe(II), followed by UVA (UV-A: 315-400 nm) and visible light (VIS: 400-700 nm).
Photo-reductive dissolution of iron oxides (with PO 4 sorbed onto their surfaces) is thought to lead to the release of adsorbed phosphorus into solution [302] [303] [304] . Cornell and Schindler [305] investigated the photochemical dissolution of goethite in acid/oxalate solution in a bid to determine the reaction products, the factors that govern the reaction rate, and to obtain a mechanistic understanding of the photochemical dissolution of iron oxides in natural systems. They reported that the reaction products were Fe 3+ , Fe 2+ , CO 2 , and ferrous oxalate, which is formed towards the end of the reaction by precipitation. This report of CO 2 generation during photochemical dissolution of iron oxides in acid presents serious implications for the design of photochemical or photo-electrochemical systems for phosphorus removal; as the influence of CO 2 on the dissolution behavior of phosphate minerals have been highlighted. Panias et al. [306] , in their review on the mechanisms of the dissolution of iron oxides in aqueous oxalic acid solutions, stated that three distinct steps are involved: (a) the adsorption of organic ligands on the iron oxide surface; (b) nonreductive dissolution; and (c) reductive dissolution. They [306] also averred that reductive dissolution (which is consistent with the photo-dissolution of iron oxides) involved two stages: an induction period and an autocatalytic period, and that the time consuming induction step which can be reduced by the addition of bivalent iron (Fe 2+ ) into the initial solution and/or by UV irradiation of the solution. Phosphorus release from certain phosphorus compounds has been reported to occur under certain conditions [302, [307] [308] [309] . The reduction of organically-complexed iron (III) by superoxide [310, 311] opens the door to the plausible use of electrochemically-and locally-generated, short-lived reactive species in phosphorus removal/recovery from high-P iron ores. In addition, the photo-reduction of iron-bearing minerals (e.g., iron phosphates) can exert influences on the efficiency of the leaching process and iron loss during the leaching process under irradiation. Though the radiation wavelength region most likely to induce photoreduction is known, a good understanding of the effects of photo-reduction of iron-bearing minerals, the subsequent entry of iron into the leaching solution, and how its possible reprecipitation might affect the efficiency of leaching high-P iron ores, is not established and needs to be investigated.
Another plausible important factor that needs to be taken into consideration is the oxygen partial pressure, as this might exert an influence on iron entry and loss via the leach solution. Under oxic conditions (oxygen abundance) and the presence of iron ions in the leach solution, the presence of the more soluble ferric (Fe 3+ ) ion is likely to be favored, and hence, iron loss increased, as iron ions in solution act as a precipitant of phosphate ions in the leach solution [156] . In contrast, under anoxic (oxygen deficient) conditions, the presence of iron in solution in the less soluble ferrous (Fe 2+ ) is favored, which is likely to result in reduced iron loss into the leach solution, or as a precipitant of phosphate ions in solution. The application of these scenarios in phosphorus removal/recovery systems by control of oxygen partial pressure may be feasible over time durations of several minutes, as the half-time for oxygenation of ferrous ions (Fe 2+ ) has been reported to be about 16 minutes at 25 • C, pH ≈ 7, with a dissolved oxygen concentration of 2 mg/l [312, 313] .
Phosphorus removal and recovery from aqueous media is not a new technology; it has long been an integral part of waste water treatment and management. However, due to very significant differences in the operating pH and phosphorus loads in waste water compared to post-leach solutions, the phosphorus removal strategies currently employed in waste management are unsuitable for phosphorus recovery from phosphorus-rich leach solutions. In waste water treatment, the goal is often to reintroduce the water to natural water bodies after treatment. Hence, processing at near-neutral pH is desirable to mitigate the burden of the multiple pH adjustments that will be required if the process is being undertaken at the extremely low or high pHs that are characteristic of acid leaching and alkaline leaching respectively. Secondly, according to Machiela et al. [314] , the phosphorus content in the alkaline leach solution from the leaching of oolitic iron ores with an initial P content of 0.8% and a solid-liquid ratio of 0.1 g/ml can reach 600-700 mg/L, while typical phosphorus loads in waste management are generally in the range of about 4-25 mg/L of total P for waste water [315, 316] and 40-300 mg/L total P for septic sludge (pH 7-8.5) [316, 317] . Machiela et al. [314] , using a disodium phosphate solution containing 4785 mg P and 5 wt.% (≈1.25 M) sodium hydroxide solution to simulate a phosphorus-loaded leaching solution with a pH of 14, demonstrated the feasibility of >99% phosphorus recovery with the simultaneous regeneration of an alkaline leach solution that had post-leaching phosphorus concentrations much higher than the typical values envisaged from the leaching of high-phosphorus iron ores using cheaper calcium hydroxide (Ca(OH) 2 ). In this procedure, the calcium cations (Ca 2+ ) from the added calcium hydroxide (Ca(OH) 2 ) act as a precipitant for the removal of phosphate anions from solution as insoluble calcium phosphates, while the concomitantly-added hydroxide anions (OH − ) serve to maintain the high pH of the leach solution [314] . In contrast to the current use of "stoichiometric chemistry" in phosphorus/removal, which requires the addition of cheaper reagents, the development of catalytic and/or electrochemical methods involving the in-situ generation of the required reactive species would be quite beneficial.
Plausible Strategies for Sustainable Phosphorus Removal from Different Iron Ores and Greener Ore Processing
Effective phosphorus removal procedures from high-phosphorus iron ores are very likely to be ore-specific due to the significant variations in ore compositions, and to the presentation of phosphorus in the various high-phosphorus iron ores. Irrespective of ore composition, a general processing chart for phosphorus removal will have some common steps, including:
(a) If beneficial, a process step for physical separation of phosphorus from ore to reduce P content prior to further processing after ore communition to desirable particle size ranges, determined principally by the size of P-rich phases. (b) A process step to thermally "remove" or reduce P content in ores and/or convert the phosphorus to forms that are more responsive to subsequent P removal steps (usually leaching). (c) A chemical processing step to reduce the P content of ores by its dissolution in processing media.
For sustainable P-removal from high-phosphorus iron ores, the removed P needs to be recovered from P-rich processing media. Plausible routes to achieve this objective include:
(a) The introduction of free cations to support phosphorus precipitation as a phosphate.
The electrochemical decomposition of soluble P-containing phases and/or stripping of P from processing media, preferably using energy from renewable sources.
(c)
Recycling (reusing) of P-depleted leach solutions.
The development of catalytic processes for P-removal and recovery to replace current stoichiometric processes.
The review of recent efforts at phosphorus removal from high-phosphorus iron ores (Section 7) indicates that these efforts have principally involved some form of thermal processing, or hydrometallurgical processing, or a combination of both. The most popular hydrometallurgical techniques employed are acid leaching, alkaline leaching, and bioleaching, each of which leaves a phosphorus-rich solution, often at a nonneutral pH. Such a solution can be treated as waste, brought to near-neutral pH by the addition of an appropriate quantity of acid or base, and then disposed of at additional cost and with significant environmental implications, or as a "valorizable" intermediate product in a well-designed and integrated iron ore beneficiation and phosphorus recovery operation, with both economic and environmental benefits. Another possibility for the greener processing of high-phosphorus iron ores is the development of procedures that allow the stripping of phosphorus from the phosphorus-laden leachate and the reuse of the acidic or alkaline solution. Such a procedure will lead to a reduction in total acid or alkali consumption, with both economic and environmental benefits.
In this direction, Jin et al. [36] reported that the pH of their acidic leach solution (1% sulfuric acid) after a leaching cycle was about 0.86, inferring that this indicated that the acid was not exhausted, and hinting at the possibility of recycling the leaching solution. This report was corroborated by an earlier report by Asuke [44] , who investigated phosphorus removal from Koton−karfe high-phosphorus iron ore (from Nigeria) by acid leaching using a variety of acids (sulfuric acid (H 2 SO 4 ), hydrochloric acid (HCl), and citric acid (C 6 H 8 O 7 )), and reported insignificant changes in the pH of the respective leachant solutions after leaching, which raises the possibility of recycling the leaching solution. Sun et al. [318] recently reported interesting results on selective phosphorus recovery from high-phosphorus iron ore acid leach liquor using garlic peel as an adsorbent. Zhang and Muhammed [319] proposed an acid regenerating and integrated process for the treatment of apatite concentrate obtained from the acid dephosphorization of iron ore and solutions obtained from the direct leaching of iron ore for the simultaneous recovery of rare earths and phosphorus (as H 3 PO 4 ). For iron ores with significant amounts of rare-earths [47, [320] [321] [322] [323] [324] [325] , the incorporation of rare-earth recovery steps can improve the economy of the ore beneficiation process by yielding multiple streams of critical products (low-P iron ore, rare-earths, and phosphorus. Figure 4 presents a flow sheet of current efforts at the valorization of high-P iron ores, and highlights some plausible focal points for the development of a sustainable method. 
Benefits of Phosphorus Recovery versus Phosphorus Removal
Mineral extraction and processing are seldom without significant environmental impacts. However, by the intelligent design of environmental risk-optimized processing routes which "valorize" a lot of the waste by making it amenable for use in other sectors or applications, its environmental impact can be significantly reduced. In this regard, an option for high-phosphorus ores could involve the design of new procedures that permit the phosphorus that was removed while beneficiating high-phosphorus iron ores to present in forms in which it is more bioavailable in soils to plants, and thus, to find use as a phosphorus-rich fertilizer. The development of such procedures will turn the phosphorus removal step into a phosphorus recovery step, thus reducing both the environmental impact and the economic cost of ore beneficiation through the potential income that 
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Mineral extraction and processing are seldom without significant environmental impacts. However, by the intelligent design of environmental risk-optimized processing routes which "valorize" a lot of the waste by making it amenable for use in other sectors or applications, its environmental impact can be significantly reduced. In this regard, an option for high-phosphorus ores could involve the design of new procedures that permit the phosphorus that was removed while beneficiating high-phosphorus iron ores to present in forms in which it is more bioavailable in soils to plants, and thus, to find use as a phosphorus-rich fertilizer. The development of such procedures will turn the phosphorus removal step into a phosphorus recovery step, thus reducing both the environmental impact and the economic cost of ore beneficiation through the potential income that would be generated from the recovered phosphorus.
Though phosphorus is unwanted in iron ores, both phosphorus and iron ore are important non-renewable resources. Consequently, the development of sustainable phosphorus recovery technology for high-P iron ores proffers solutions to two sustainability issues simultaneously. The demand for phosphorus in the agricultural sector as a fertilizer is enormous. Using data from 2009 and 2012, Tóth et al. [326] estimated the phosphorus input demand of croplands in the European Union to be about 3,849,873 tons of P 2 O 5 /year, which is equivalent to ≈1.68 × 10 6 tons of P/year. Ueno and Fuji [327] communicated their experience in selling recovered phosphorus, and thus, demonstrated the feasibility of income generation from recovered phosphorus. In recognition of the fact that our global phosphorus reserve is finite and is projected to last between 60 to 240 years [328] [329] [330] [331] based on current consumption habits and the marked inefficiency in the current phosphorus cycle [1] ,phosphorus recovery, recycling, reutilization, and management have become a subject of much interest [332] [333] [334] [335] [336] [337] [338] [339] [340] [341] [342] [343] [344] , with established technologies for its recovery from a variety of waste sources, such as waste water [345] [346] [347] [348] [349] [350] [351] , sewage [352] [353] [354] [355] [356] [357] , slag from metal processing [358, 359] , mining leachates [360, 361] , sewage sludge ash [362] [363] [364] [365] , manure [366] [367] [368] [369] [370] [371] , and human feces and urine [372] [373] [374] [375] [376] . Such an approach fits into the emerging and futuristic concept of green [377] [378] [379] [380] [381] [382] [383] and circular economies [384] [385] [386] [387] [388] [389] .
Plausible Consequences of Ignoring the Challenge of Sustainable Valorization of High-P Iron Ores
Though undesirable in steelmaking, phosphorus is a vital resource in the agricultural sector to ensure adequate food production and security. Phosphorus as phosphate rock is a finite resource, and the global distribution of phosphorus mineral reserves is extremely lopsided [344, 390] . From data assembled by Villalba et al. [391] from different sources [392] [393] [394] , it is evident that in the 16-year period from 1991-2007, only six countries (Brazil, China, Morocco, Russia, Tunisia, and the United States) consistently produced over three quarters (≥77%) of global phosphorus output. This trend has significant geopolitical implications for phosphorus import-dependent nations and economic blocs like the EU [395, 396] . For instance, Childers et al. [344] reported that China had briefly imposed a 135% tariff on phosphorus mineral exports in 2008-2009, in a move that effectively stopped phosphorus mineral exports during this period. Recent data [397, 398] and its analysis [390] indicate that residual reserves of phosphate minerals are even more highly geographically-concentrated in a few countries, with Morocco and Western Sahara accounting for about 85% of remaining phosphate minerals reserves [390] . Hence, the development of technologies for the sustainable valorization of high-phosphorus iron ores through phosphorus removal and recovery can provide an alternative source for phosphorus, thus diluting the demand for phosphate rocks with significant global economic, environmental, and socio-political benefits. The geopolitical challenges of world trade in rare earths vis−a−vis protectionist and nationalistic policies of producing nations, and their implications for regional and global economies, are well documented [399] [400] [401] [402] [403] [404] [405] [406] [407] . If precautionary measures are not deployed to develop technologies that can supplement the dwindling high-grade iron ore reserves by the sustainable valorization of high-phosphorus iron ores, either phosphorus or iron ore, or both, might become the "rare-earths" of the future. The plausibility of this scenario and the volatility of iron ore prices to apparent supply constraints were recently demonstrated in surges in iron ore prices in China in response to a dam collapses in Brazil during the first quarter of 2019 that negatively impacted iron ore production and supplies from Brazil [408] [409] [410] .
Conclusions
Dwindling reserves of natural resources and increasing environmental concerns call for a change in the way natural resources are extracted, processed, and used. Much of our recent and ongoing development is due to innovative methods of exploitation of an increasing range of materials; however, our sources of these materials, principally metals and the ores from which they are processed, are finite. Our demands for these materials are not abetting. Hence, resource depletion and scarcity are inevitable. Resource scarcity often leads to conflict and retarded growth. Issues of iron ore availability in the future might bear a lot of resemblance to current issues concerning the availability and trade of rare earths. To ensure resource and environmental sustainability, the processes currently employed in the extraction and processing of natural resources need to be modified. However, the resource-efficient, economic, and environmentally-benign processing of high-phosphorus iron ores to reduce their phosphorus content to levels which are acceptable for iron and steelmaking is a non-trivial technological and sustainability challenge. To stimulate interest in developing sustainable solutions to these challenges, phosphorus adsorption and association in iron oxides/hydroxyoxides and current efforts at its removal have been reviewed, key knowledge gaps that are vital for development of sustainable phosphorus removal/recovery strategies have been highlighted, and insights have been provided into plausible routes for the development of sustainable phosphorus recovery solutions from high-phosphorus iron ores. Emphasis was placed on strategies for the development of sustainable technologies with which to access iron in today's low-grade, high-phosphorus ores whilst simultaneously recovering the phosphorus for use in relevant industries with minimal environmental impact. The adoption of this approach is likely to mitigate at least two sustainability issues, i.e., continuous, less geographically-concentrated sources of both iron ore and phosphorus. It is envisaged that the issues, challenges, and plausible solutions highlighted in this review will stimulate the type of multidisciplinary crosstalk and collaboration needed to confront this potential sustainability challenge.
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